Microgravity eases several constraints limiting experiments with ultracold and condensed atoms on ground. It enables extended times of flight without suspension and eliminates the gravitational sag for trapped atoms. These advantages motivated numerous initiatives to adapt and operate experimental setups on microgravity platforms. We describe the design of the payload, motivations for design choices, and capabilities of the Bose-Einstein Condensate and Cold Atom Laboratory (BECCAL), a NASA-DLR collaboration. BECCAL builds on the heritage of previous devices operated in microgravity, features rubidium and potassium, multiple options for magnetic and optical trapping, different methods for coherent manipulation, and will offer new perspectives for experiments on quantum optics, atom optics, and atom interferometry in the unique microgravity environment on board the International Space Station.
Introduction
Laser cooling and the creation of Bose-Einstein condensates (BECs) [1] have opened up the field of dilute ultracold quantum gases. These systems enable the study of fundamental aspects of quantum mechanics, such as the evolution of matter waves [2] , the transition of quantum statistic to classical thermodynamics [3] , the impact of the dimensionality and topology of the gases [4] and may also probe the interface between quantum mechanics and general relativity [5] . In a typical laboratory environment gravity deforms the trapping potentials and, in the absence of magnetic or optical fields, the atoms will simply fall towards the edge of the experimental chamber limiting the available free evolution times. Levitation techniques [6, 7] can compensate gravity, but can lead to unwanted systematic shifts in experiments, for example, additional phase shifts in atom interferometers, and they become technically more complex for multiple species with different atomic masses or internal states.
In microgravity, however, the atoms stay stationary with respect to the apparatus without the need for any external holding forces, thus enabling potentials without gravitational sag, long pulse separation times in atom interferometry [2] as well as the probing of surfaces with atoms over long times [8] and the realization of cloud geometries that are inaccessible in ground-based setups [4, 9] as illustrated in fig. 1 . Therefore, ultracold atoms in microgravity are ideal candidates to probe fundamental physics, such as testing the Einstein equivalence principle [5] , investigating the validity of quantum mechanics on macroscopic scales [10] , and probing dark energy [11] and dark matter [12, 13, 14] . Quantum sensors based on atom interferometry are considered for earth observation with satellite gravimetry [15] , satellite gradiometry, and navigation in space [16] . Furthermore, a flexible, microgravity cold atom system is a critical pathfinder for the demonstration of other space borne atomic physics systems, such as highly-accurate optical frequency standards. While these applications inherently require space-borne operation, the conditions of microgravity also boost the potential performance of the proposed atom sensors. are confined in a potential. In the absence of any gravitational sag, the trapping potentials perfectly overlap, while in a gravitational field the two species experience a differential sag and the atomic clouds are (partially) separated. In addition, the traps have to be steeper than in microgravity to prevent the atoms from falling out of the confinement. b) Both graphs show an Mach-Zehnder atom interferometer. Laser pulses coherently split, reflect, and recombine the atomic cloud. In microgravity, the atomic trajectory is only determined by the interaction with the laser pulses and long pulse-separation times T are accessible in a small setup. On ground, gravity alters the trajectory of the atoms and the free-fall distance of the atoms limits the pulse-separation time T . c) In the absence of gravitational forces new and complex trapping geometries can be realized including shell-like 3D potentials. In an earth-bound laboratory, gravity distorts such a shell trap leading to an only partially filled shell.
Ultracold atom instruments have been put into microgravity using drop towers [17, 18, 19, 20] and sounding rockets [21] as well as with thermal atoms on board of air crafts in parabolic flights [22] . Their availability, however, is limited. The drop tower allows for only 2-3 drops per day, while sounding rockets and air crafts require extensive preparation, infrastructure, and manpower for no more than six minutes in microgravity per launch. A novel facility, the Einstein Elevator in Hanover [23] , is currently in the commissioning phase and will offer up to 100 shots per day, but with a limited free-fall time of approximately 4 s.
The International Space Station (ISS), on the other hand, provides a permanent microgravity environment. In May 2018 NASA launched the Cold Atom Laboratory (CAL) to the ISS [24] , with an upgrade launched in December 2019. This apparatus is designed to produce ultracold degenerate quantum gases of rubidium and potassium and to perform a vast range of experiments proposed by various researchers. Current topics include studies on few-body dynamics, magneticlensing techniques [25] , bubble-geometry traps [4] , alternative rf-outcoupling mechanisms [26] , and quantum coherence for longer than 5 s.
The Bose-Einstein Condensate and Cold Atom Laboratory (BECCAL), presented in this paper, is a collaboration of NASA and DLR that will serve as a multi-user and -purpose apparatus on the ISS. It is built upon the heritage of previous and ongoing activities to offer higher atom numbers, an increased cycle rate, more complex optical and magnetic trapping strategies and improved atom-interferometry capabilities compared to the predecessor experiments. The apparatus is designed to create BECs of 87 Rb ( 41 K) with more than 1 × 10 6 (1 × 10 5 ) atoms. The creation of quantum degenerate gases of 40 K will also be possible. Hence, BECCAL will enable the study of scalar and spinor BECs as well as of mixtures of Bose-Bose and Bose-Fermi gases. To detect these quantum gases after several seconds of free expansion, delta-kick collimation [25] will be employed to lower the expansion velocities of the atomic clouds. The apparatus will support the coherent splitting of matter waves separated by several centimeters and free evolution times of several seconds. The atoms can be exposed to blue-and red-detuned optical fields for trapping. These fields will be spatially controllable and it will be possible to create arbitrarily-shaped potentials, which allow for versatile trapping and anti-trapping configurations.
Throughout its lifetime, BECCAL will perform a variety of experiments and serve as a pathfinder for future missions. This paper reports on the project, its envisioned scientific impact, and the design of the apparatus. The paper is organized as follows: Sec. 2 lays out the scientific envelope of the mission. The design of the instrument is detailed in sec. 3, which includes an overview of the accommodation, budgets and safety measures (sec. 3.1), the physics package (sec. 3.2), the laser system (sec. 3.3), the control electronics (sec. 3.4) and the software architecture (sec. 3.5) . We present the installation, operation, and maintenance procedures in sec. 4 . The key features of the apparatus are summarized in sec. 5 and the conclusion is given in sec. 6.
Scientific envelope
Beyond principal mission targets such as the creation of BECs, the realization of low expansion velocities, and the demonstration of atom interferometry, a broader spectrum of experiments is anticipated. Therefore, BECCAL is designed to satisfy a wide range of experimental needs. The following sections outline several possible research topics and how they benefit from microgravity conditions. They focus on experiments which are either not realizable on ground or which are expected to show improved performance when transferred to microgravity. Some experiments presented here build upon and extend research that has been realized in QUANTUS, MAIUS, CAL, and other microgravity platforms.
Atom interferometry
Atom interferometry relies on the coherent splitting and recombination of matter waves to obtain an interference signal. This signal stems from the phase differences acquired on the interferometer paths. The phase differences depend on the potentials the atoms are subjected to, and on the chosen topology [27, 28, 29] . Atom interferometry is a versatile tool which can be used to probe fundamental physics [30] , such as dark matter [31] and dark energy theories [11] , and to test the universality of free fall (UFF) [5, 32, 33, 34, 35, 36, 37] . Furthermore, it is possible to test the validity of quantum mechanics in extreme parameter ranges by creating coherent superpositions spanning over several tens of centimeters [10] or interferometer times larger than 10 s. Atom interferometry also provides sensitive and accurate sensors for measuring Earth's gravitational acceleration [15, 38, 39] for geodetic observations and offers new perspectives for navigation [16] .
In a microgravity environment, the free fall of the atoms does not generally limit the total interferometer time. This allows for space and time separations of coherently split atoms which, on ground, are solely realizable in long baseline facilities [40, 10, 35] . Extended free-fall times can increase the sensitivity of atom interferometers. For the common Mach-Zehnder like [41] interferometer scheme, the phase scales with the squared pulse separation time. Microgravity also enables the operation of an atom interferometer that is stationary with respect to nearby objects in order to probe surface effects or to realize novel interferometry methods. A nadir pointing sensitive axis allows for measurement campaigns for mapping Earth's gravitational field [42, 43, 44] and UFF tests [45, 46, 47] . Furthermore, these activities serve as a pathfinder for future missions and applications, e.g. deep-space inertial sensing with atom interferometry, and as a gateway towards precision measurements of gravity, measurements of Newton's gravitational constant [48] , the gravitational Aharanov-Bohm effect [49] and gravitational wave detection [50, 51, 52 ].
Coherent atom optics
An experiment in microgravity will likely exploit delta-kick-collimation (DKC) techniques [25] to create BECs with expansion velocities smaller than 100 µm s −1 , which makes long free evolution times within the restricted volume possible. The lack of gravitational acceleration enables constant, highly controllable velocities of the atoms, which correspond to nearly monochromatic matter waves. These matter waves will be manipulated with various spatial-and temporal-dependent light fields to study basic phenomena of linear optics, but with switched roles -the matter acts as the wave and the light acts as the dispersive or absorptive medium. The latter depends on whether the scattering process is chosen to be coherent or incoherent and enables situations where light sheets diffract and refract matter waves.
For instance, a laser beam blue-detuned with respect to the atomic D 2 -transition creates a repulsive potential and reflects the matter waves like a mirror. Two atom mirrors opposite each other form a matter-wave resonator. Microgravity conditions allow for full 3D symmetry of such a resonator so that atoms can be trapped in a 3D box potential, closely reproducing the textbook example of a particle in a box with infinitely high potential walls.
Another relevant topic is atom optics in the non-linear regime where homogeneous magnetic fields are applied to tune the scattering length of the atoms with the help of Feshbach resonances and to control the dispersion. For example, a negative scattering length creates a situation analogous to self-focusing. In addition, coherent matter-wave mixing will be possible, which enables a large set of new interferometric configurations.
Quantum reflection on surfaces represents another subject of interest. Here, a microgravity environment can help to improve the existing results [53] of quantummechanical reflection of matter-waves from solid surfaces by providing smaller incident velocities and reduced mean-field interaction effects thanks to the shallow trapping possible in microgravity.
Scalar Bose-Einstein condensates
Scalar BECs will be studied in various magnetic and optical potentials, where the absence of gravity allows the creation of extremely shallow traps with trapping frequencies well below 1 Hz whilst maintaining atomic trapping. Since the critical temperature of Bose-Einstein condensation in a harmonic potential is proportional to the geometrical mean of the trapping frequencies, shallower traps result in a lower critical temperature. The critical temperature is the upper temperature limit of a BEC and lowering this threshold means that one can assure colder condensates [7] . This approach also leads to a decrease of the entropy of the gas, unlike adiabatic decompression techniques and DKC. The creation of spin excitations inside a BEC [54] further reduces the entropy and the momentum distribution of the thermalized magnons gives an estimate of the entropy. Hence, the creation of a gas with a record-low entropy per particle of S/N ≤ 1 × 10 −4 k B appears to be within reach in microgravity. Low-entropy gases are an essential resource for probing subtle many-body quantum effects and enhance the fidelity of quantum reflection on surfaces.
Magnetically trapped atoms can be transferred to an untrapped state via a weak radio-frequency field. In microgravity the dynamics of the outcoupled atoms are governed only by the repulsive atom-atom interaction giving rise to a slow expanding shell of atoms. This so-called space atom laser features an almost sphericallysymmetric shape even if the initial BEC was confined in an elongated trap [26] .
Another closely related topic is 3D bubble shells of trapped BECs [4, 9] . Here, a strong radio-frequency field dresses the trapping potential and hollows out the BEC. In this way a 2D BEC can be created embedded in a closed 3D shell. This process is solely realizable in microgravity and enables studies on thermodynamics and collective modes at a dimensional cross-over, edgeless surface excitations, and topological constraints on vortex dynamics in a curved geometry.
Spinor Bose-Einstein condensates and quantum gas mixtures
Spinor Bose gases are optically-trapped BECs where the spin of the atoms can be changed without loosing the confinement. This is in contrast to magnetically trapped condensates, where the spin needs to be polarized properly to form a weakfield seeking state. Since the first realization of an optical dipole trap [55, 56] , spinor Bose gases have been the subject of extensive research due to their interplay of magnetism and super-fluidity [57, 58] . In microgravity, the differential gravitational sag vanishes for different elements, isotopes and states enabling studies of spinor BECs and mixtures in unprecedented regimes.
For instance, optical box potentials with edge lengths of up to 100 µm and particle numbers within reach of BECCAL lead to particle densities in the order of 1 × 10 12 cm −3 . This allows the study of magnetic interactions in a quantum fluid, such as spin-dependent s-wave collisions and spin-mixing dynamics. Increasing the volume of the trap lowers the densities of the atomic gases and allows the exploration of the non-interacting regime where the atoms are expected to show long-lived spin coherence. Thus, such an experiment has potential applications as a magnetic and rotation sensor, in addition to being a probe of fundamental physics.
Moreover, homogeneous magnetic fields enable the tuning of inter-and intraspecies scattering lengths. The magnetic field strength can be chosen to enable the creation of strongly interacting mixtures independent of the trap volume [59] . Several Feshbach resonances may be accessible with reasonable magnetic field strengths to create hetero-nuclear spinor gases.
Furthermore, the combination of intercomponent attraction and intracomponent repulsion allows the formation of self-bound quantum gases, so-called quantum droplets [60, 61, 62] . These systems have never been studied in microgravity, which would enable the observation of the long-term dynamics of such droplets in a potential-free environment.
Strongly interacting gases and molecules
Strong atom-atom interactions often enhance three-body processes and fuel rapid atom loss. Microgravity increases the realizable interaction times due to the accessibility of extremely low densities and temperatures. In particular, the time-of-flight before the application of a magnetic lens determines the size of the atomic cloud and therefore controls its density. Additionally, the interaction volume can be chosen to be potential-free (e.g. a box trap generated by blue-detuned light) to create a homogeneous interaction strength over a large volume. Moreover, clouds of different atomic species perfectly overlap resulting in higher rates and efficiencies of Feshbach-molecule formation [63] .
Ultra-low temperatures offer the energy resolution required for observing new features of Efimov physics [64, 65] . In addition, tuning the scattering rate with magnetic fields allows one to access a new regime, where two-body collisions are negligible with respect to three-body collisions, but without a high loss rate due to three-body recombination.
Quantum information
Dedicated experiments on quantum optics and atom optics may serve as a pathfinder and a major technology demonstrator for advancing quantum technology into space. This may enable future satellite-based quantum cryptography and quantum information/state transfer between distant points on Earth or beyond. In particular, cold-atomic ensembles could be useful for quantum information processing [66, 67] for space-based quantum communications applications [68, 69] . BEC-CAL's flexible cold atom platform will allow for demonstrations of techniques such as electromagnetically-induced transparency or coherent population trapping in ultracold ensembles for topics such as optical quantum memories and slow light [70] .
Instrument design
In the following section the instrument design is presented, starting with an overview of the system, the restrictions set by the operation in orbit, and the requirements for safety. Subsequently the individual subsystems are explained in more detail.
Overview
BECCAL will be housed in the Destiny module on the ISS. The space station provides a standardized rack system to house payloads of different size and purpose, the so-called EXPRESS racks (EXpedite the PRocessing of Experiments to Space Station). Each EXPRESS rack offers eight standardized compartments and NASA allocates five of eight lockers for BECCAL ( fig. 2 ). For implementation and due to launch restrictions, these five lockers will be separated into one single and two double lockers. The remaining locker spaces of the EXPRESS rack are occupied by other payloads. The accommodation in an EXPRESS rack therefore sets stringent requirements on volume, mass, external power, thermal management (sec. 3.1.1), emitted radiation, and safety (sec. 3.1.2).
EXPRESS rack
Control electronics Figure 2 Overview of the apparatus The available space for BECCAL in the EXPRESS rack is shown. Cables and fibers are omitted for clarity. One single locker contains the control electronics, one double locker the laser system, and another double locker the physics package. The front panels will have handles for the astronauts to hold on and to ease the installation. The light produced by the laser system is guided via optical fibers to the physics package. The fibers are protected by an interlocked cover.
The payload is divided into three subsystems -the physics package, the laser system, and the control electronics. The physics package, which contains the ultrahigh vacuum system, where all the experiments on the atoms are carried out, is located in one double locker (sec. 3.2). The other double locker contains the laser system and the laser electronics (sec. 3.3). The single locker will house parts of the control electronics and the on-board computer (sec. 3.4). The computer will run the experiment control software (sec. 3.5) and will have additional hard drives for experimental data storage.
SWaP budgets
This section summarizes the available and chosen budgets for size, weight, and power (SWaP). Additionally, the thermal control system is outlined.
Compared to conventional quantum-optics-laboratory experiments, volume, mass, and power consumption of the apparatus are significantly reduced. The single locker has a size of 66 L and the two double lockers take 164 L each. The total mass is limited by the EXPRESS rack specifications to 328 kg.
The external power consumption depends on the operation mode and on the details of the experimental sequence. For more details on the power consumption see sec. 3.4. An overview of the different operational modes is given in sec. 4.
During operation, the payload generates thermal loads that will be dumped to the air cooling system of the EXPRESS rack and the ISS medium temperature water cooling loop. BECCAL's inner structure blocks the airflow through the system, which decreases the efficiency of the thermal transport, thus, most of the thermal load will be dissipated through the shared water cooling system. The maximum thermal load that can be dissipated is therefore limited to comply with ISS interface requirements. In BECCAL, each subsystem features two quick couplers and a piping system that enables water cooling of the installed heatsinks.
Safety
BECCAL is operated on board the ISS, and consequently in an environment designed for human space flight. While this offers unique opportunities for access, maintenance, manipulation, operation, and exchange of payloads, the safety and security of all parties involved, especially on orbit, is crucial. The safety requirements cover any risks for humans (i.e. by excess heat or radiation), especially for ISS crew members. Moreover, the safety of the space station has to be ensured and any interference (e.g. by electromagnetic radiation or vibrations) with other payloads needs to be minimized. Consequently, mitigating and preventing potential hazards and hazardous situations are design drivers for BECCAL. In particular, high voltage lines and free-space laser-light paths are contained within three levels of containment, such as interlocked containers and female sockets on the payload's front plates.
BECCAL is operated from ground and does not require crew interaction in nominal operation. Even during installation and exchange operations, the lockers are not opened by the crew, who can only access the interfaces between the systems. The lockers are designed to prevent potential internal faults from propagating to the outside, this includes structural resilience, counter measures to block sharp objects entering the habitable volume, shielding against radiation (including light fields), and safeguards against excess surface temperatures.
Electromagnetic interference of the experiment with the electrical devices on board the ISS potentially disturbs the experiment as well as the operation of the space station. The passive magnetic shielding (see also sec. 3.2), which is more commonly used to shield atomic physics experiments from external magnetic fields [71] , also protects the ISS from the magnetic fields and radio-frequency radiation produced by the apparatus. The level of stray fields and radiation will be verified by a standard electromagnetic radiation test.
Like CAL, BECCAL will use rubidium and potassium as atomic sources. These elements are very reactive, radioactive with half lives of >1 × 10 9 years, and can be poisonous if swallowed or inhaled. However, the small amount of material used, and the enclosure inside several layers of protection, mitigates the radiation exposure of the crew and surroundings. Additionally, both alkali metals condense when exposed to ambient air pressures, reducing the probability of the release of large quantities of particles into the habitable area in the event of a breach in the vacuum system.
The requirements on radiation hardness against cosmic radiation are moderate compared to deep space missions due to the ISS's low orbit of 370 km to 460 km. Only single event effects need to be taken into account. Critical parts of the electronics will be radiation hard and shielded. All other circuits are designed to not go into over-current, short circuit or over-temperature, if a single component fails.
Temperature sensors are distributed all over the experiment, not only to detect over-temperature, but also to characterize any warm-up effects and the temperature distribution inside the payload [72] .
In addition to these passive mitigation strategies, the payload will be surveyed from ground during experimental operation. In standby the system will constantly check for key parameters, such as vacuum quality, temperature levels, and drawn power, and alert the payload developer team and ISS personnel if a parameter exceeds the acceptable range for nominal operation. In general, the payload will be shut down by the ground personnel before a hazardous situation arises, as a fault would damage the system before endangering a crew member or the ISS.
Physics package
The physics package is the subsystem where the experiments on the atoms are performed. It contains the ultra-high vacuum system, which consists of several connected vacuum chambers, which are adapted from QUANTUS [19] and MAIUS setups [21] . In the preparation chamber, atomic gases of rubidium and potassium are cooled to form a cold atomic beam, which points into the science chamber (sec. 3.2.1). This chamber supports trapping, cooling, and manipulation of atomic clouds (sec. 3.2.2). The two-chamber design allows for evaporation, preparation, and transport of the atoms while simultaneously maintaining the ultra-high vacuum in the science chamber. The science chamber is surrounded by wire coils, which produce magnetic fields (sec. 3.2.3) in combination with the atom chip. Atom interferometry can be performed in two orthogonal axes (sec. 3.2.4). Also attached to the science chamber are the setup for the creation of arbitrary shaped optical potentials (sec. 3.2.5) and the detection system (sec. 3.2.6). The vacuum pressure inside the chambers is maintained by several pumps, which are described in sec. 3.2.7.
Science chamber
The science chamber has an octagonal shape and is manufactured from a titanium alloy (Ti6Al4V). The chamber features several ports for optical access and vacuum connectors -a total of six viewports and two vacuum connections as well as a top part with five additional viewports. It contains an atom chip and the tip-tilt mirror used for atom interferometry (sec. 3.2.4).
Four viewports are available as optical access for magneto-optical trap (MOT) beams and for the absorption detection system (sec. 3.2.6). Two beams are reflected Figure 3 Cross section through the physics package The front panel, including handles, is shown on the left-hand side of the picture. The fiber connectors interface the physics package to the fibers coming from the laser system. The interior of the locker is not crew-accessible. An ion getter pump (IGP), a cold cathode gauge vacuum sensor and the electrical feed-throughs for the atom chip are located directly behind the front panel. Other parts of the vacuum system are encapsulated in a magnetic shield. The shield consists of two mu-metal layers and an aluminium layer in between. A custom made titanium sublimation pump is located inside the shield to be close to the science chamber. This ultra-high vacuum chamber is pumped through holes inside the copper mounting structure for the atom chip. The atom chip sits in the center of the science chamber. Three sets of coils attached to the chamber create homogeneous magnetic fields. One additional pair creates magnetic fields inside the chamber with a strength of up to 175 G. The physics package locker also contains parts of the control electronics. In particular, controllers and drivers with high current and high voltage output are placed in this locker to shorten the transmission paths. All cables and fibers are omitted for clarity.
by the surface of the atom chip. Two viewports perpendicular to each other will be used for the creation of painted, blue-detuned optical potentials (sec. 3.2.5). The light for a red-detuned crossed optical dipole trap will be transmitted through two viewports. The two ports facing nadir are used for atom interferometry. One of those two ports provides an extension to the vacuum system to house the tip-tilt stage, and the other contains a window through which the atom interferometry beams enter the chamber. All the optical components are directly mounted onto the chamber to provide the required pointing stability. The fiber collimators contain additional photodiodes for power and polarization monitoring.
Atomic source
This section describes the creation of ultracold atomic clouds of rubidium and potassium. First, we comment on the choice of elements. Then we lay out the route for rapid production of quantum degenerate gases. Three quarter cross section through the science chamber The science chamber is manufactured from a single piece of titanium alloy (Ti6Al4V) and has an octagonal shape with an inner diameter of 6.5 cm. The top part, which opposes the atom chip, provides five additional viewports. In total, eleven viewports around the chamber allow for optical access. The atom chip sits in the center of the chamber and the whole setup is surrounded by four pairs of copper-wire coils. All cables and fibers are omitted for clarity and the y-axis points along gravity.
Rubidium and potassium were chosen for several reasons: (i) The strong D 2 transition lines of rubidium and potassium are only 13 nm apart. An optical broadband coating with that range is easy to manufacture and is found in many commercial off-the-shelf optics. Thus, the same optics can be used for both elements which reduces the complexity of the apparatus substantially. (ii) The interspecies interaction can be tuned by using the rich spectrum of Feshbach resonances at moderate magnetic field strengths. (iii) There is roughly a factor of two in mass difference which makes the combination of those two elements interesting for potential tests of the universality of free fall. (iv) Potassium offers bosonic and fermionic isotopes, which facilitates the study of Bose-Bose and Bose-Fermi gases of different species.
(v) Both species are currently being used in the MAIUS-B experiment, which features a similar atom chip, as well as in the CAL experiment. BECCAL will profit from this experience.
The cooling of the atoms takes place in two chambers. A 2D + -MOT configuration [73] creates a cold atomic beam in the preparation chamber. This beam will load a 3D-magneto-optical trap in the science chamber through a differential pumping stage. We expect the flux of 85 Rb and 87 Rb into the 3D-MOT to be 1 × 10 9 atoms /s each, which was already shown in a similar setup [19] . The flux for 39 K ( 41 K) is expected to be roughly a factor of 10 (100) lower than for rubidium. The preparation chamber is directly connected to the ovens. One oven contains 1 g rubidium, the other 1 g potassium, both in natural abundance. An additional dispenser will contain 100 mg of enriched 40 K. These samples are sufficient to last the whole mission duration.
Together with the magnetic field, four light beams form the 3D-MOT. Two light beams are reflected by the coated surface of the atom chip with an incident angle of 45 • . We expect the MOT to provide 2 × 10 9 87 Rb atoms, 1 × 10 9 85 Rb atoms, 8 × 10 8 39 K atoms, 4 × 10 8 41 K atoms and 1 × 10 7 40 K atoms for single species operation each. The subsequent cooling steps are discussed in detail in Ref. [19] , while here, a short outline is given. The 3D-MOT is followed by a phase of compressed MOT, with lower magnetic fields and higher detuning. This results in a higher density than in the initial MOT. The magnetic fields are then switched off and the cloud is cooled with polarization-gradient cooling. A shallow Ioffe-Pritchard magnetic trap with large trapping volume captures the atoms and subsequently the magnetic field gradients are increased. This tight trap allows for fast evaporation as a consequence of the increased collision rate in the dense cloud. The evaporation efficiency is such that there will be more than three orders of magnitude gain in phase-space density for every order of magnitude in atom loss. We expect to create single-species Bose-Einstein condensates of 87 Rb and 41 K with more than 1 × 10 6 and 1 × 10 5 atoms, respectively. For the creation of a dual-species BEC, the atoms are loaded into an optical dipole trap after a short period of evaporation. The Feshbach field is switched on to reduce two-and three-body losses and optical evaporation is performed. For mixtures the atom numbers are expected to be one order of magnitude less than for single species BECs. Magnetic trapping of the fermionic isotope of potassium will be realized for at least 1 × 10 4 atoms with a Fermi fraction (
For further manipulation, the atoms can be transferred into various magnetic traps (sec. 3.2.3) and optical traps (sec. 3.2.5). The atoms can be subjected to an magnetic [25] or optical delta-kick collimation to reduce the expansion velocity to values ≤ 100 µm s −1 .
Atom chip and magnetic fields
The magnetic fields are created by an atom chip inside the science chamber and ex-vacuo coils in Helmholtz configuration. The atom chip is a versatile and compact tool for generating magnetic fields [19, 6] . Its design is adapted from the QUANTUS-2 apparatus [19] . It consists of one layer with mesoscopic copper wire structures and two layers of microscopic wire structures. The atom chip will feature 1 mm 2 surfaces off-center with different electrical properties to study quantum reflection. Since the atoms are only a couple of hundreds of micrometers to a few millimeters away from the atom chip surface, high gradients can be realized with lower power than with a coil setup outside the vacuum chamber. High trap frequencies (up to 2 kHz) can be achieved with a few amperes of current, which makes evaporative cooling fast and power efficient. Most structures on the chip are made from single wires, which results in much lower inductance than in a coil setup. This makes switching times shorter than 100 µs possible.
In order to create the quadrupole fields required to operate a MOT or Ioffe-Pritchard-type magnetic traps, the field created by the atom chip itself needs to be overlapped with homogeneous bias fields. In this setup, the homogeneous fields are created by three Helmholtz coils outside the vacuum chamber; one pair for every direction. The center of the harmonic traps can be chosen to be 0.1 mm to 2 mm away from the chip surface with aspect ratios of 100 : 100 : 1 to 2 : 2 : 1. An additional set of four coils produces homogeneous fields of up to 175 G for tuning the scattering length of the atoms. This field can be modulated with an on-top amplitude of 0 G to 1 G and frequencies up to 100 Hz, to enable fast hopping into or across Feshbach resonances.
The atom chip will have additional structures for radio-frequency and microwave fields. These fields will be used for forced evaporative cooling, state preparation, and to create the dressed potentials for ring or bubble shaped traps. In addition to the micro structures on the atom chip, there will be microwave antennas attached to the chamber. These antennas provide homogeneous fields required for large volume bubble-shaped traps.
The science and the preparation chambers and the coils are located within a threelayer magnetic shield: two layers of mu-metal with a layer of aluminum in between. Mu-metal is a soft-ferromagnetic alloy commonly used for magnetic shielding due to its high permeability. The magnetic shielding factor will be roughly 300 for static fields and several orders of magnitude higher for oscillating fields.
Atom interferometry setup
BECCAL will have two independent atom interferometry axes. The primary axis is parallel both to Earth's acceleration (nadir) and the surface of the atom chip. The beam will be reflected by a mirror inside the vacuum apparatus. The second interferometry axis is perpendicular to the first and the beam is reflected by the atom chip. The 1/e 2 beam waist will be 6 mm for both axes.
Auxiliary sensors will be used to characterize the environment and for correlation with the atom interferometers. These comprise an accelerometer and a gyro sensor which will be placed in the vicinity of the vacuum system. The science chamber, and in particular the atom chip, will be equipped with a grid of temperature sensors. The temperature data will be used to model acceleration due to black body radiation [72] .
The primary interferometer axis is parallel to the earth's gravitational acceleration, which enables the determination of the differential Eötvös ratio for rubidium and potassium [5] . The light beam enters the chamber via a window, interacts with the atoms, then passes through a quarter-waveplate, is retro-reflected by a mirror and passes through the same waveplate again before interacting with the atoms again. The waveplate rotates the parallel linear polarization of the two incident light fields by 180 • , to enable double-Raman diffraction beam splitters [74] .
Wavefront distortions are one of the limiting factors for the accuracy of atom interferometers [38, 39] . The distortions introduced to the light before interacting with the atoms are common to both the incident and counter-propagating beams. They are therefore suppressed in most atom interferometry configurations. However, this is not the case for distortions introduced by optics behind the atoms in the optical path. To minimize this, the retro-reflecting mirror and the waveplate will be designed to have a global flatness of λ/20 and a local root mean squared surface roughness of λ/100 and will be placed inside the vacuum chamber.
The ISS orbits the earth with an angular velocity of Ω = 1.1 mrad s −1 . Therefore, without any counter-rotating device for the interferometry mirror, the orbiting motion of the ISS will eliminate the contrast of the interferometry fringes completely Figure 5 Atom interferometry in a rotating environment Left: Schematic of a double-diffraction atom interferometry sequence [74] in a rotating environment with angular velocity Ω. The picture shows different snapshots of the sequence at three different times. The atoms (blue) are coherently split at the time t = 0 by a retro-reflected light beam (red) with wave numbers k 1 and k 2 . The dotted blue line depicts the trajectory of the atoms. The atomic momentum k eff = k 1 − k 2 is reversed at t = T and another splitting pulse is applied at t = 2T . The rotation causes the clouds to not perfectly overlap, which reduces the contrast. Right: The tip-tilt stage used for rotation compensation. The titanium cylinder has a 25.4 mm diameter and a length of 53.5 mm, and contains four piezo actuators. They move the mirror with a full stroke of ±2 mrad. To reduce positioning inaccuracies, strain gauges are applied to the piezo actuators. This allows for closed-loop operation of the stage, giving lower positioning inaccuracies for long times without re-calibration.
( fig. 5 ). While the systematic errors can in principle be accounted for in postcorrection, the loss of contrast due to rotation is irretrievable. The contrast for a pulse separation time of 900 ms will be below 0.2 % [75] when assuming an atom interferometer using a 87 Rb BEC with a mean velocity spread of 100 µm s −1 and a Thomas-Fermi radius of 150 µm. It has been shown that counter-rotating the interferometry mirror against external rotations is an effective method to regain contrast [76] . To this end, in our setup, the interferometry mirror sits on top of a moving stage driven by piezo actuators. Fig. 5 (right) shows the custom design created in collaboration with Physik Instrumente. The rotating mirror will compensate the rotation of the ISS for the required 2.6 s total interferometry time.
The compensation of the rotation with a tip-tilt mirror implies a change in the effective wavenumber between the subsequent atom-light interactions of an interferometer pulse sequence. Fortunately, the combination of gravity gradients and these residual rotational effects can be effectively mitigated with the technique proposed in Ref. [77] and experimentally demonstrated in Ref. [78] . For total interferometer times of 2T = 2.6 s this involves changing the single-photon frequencies by ∆ν ≈ 1.5 GHz for the mirror pulse in a Mach-Zehnder interferometer [79] .
Optical potentials
The apparatus will support experiments requiring light fields red-or blue-detuned to the D 2 transition, with arbitrary shaping possible with the blue-detuned optical potentials. Blue-detuned potentials enable trapping the atoms in the dark region of a geometry, which results in a homogeneous trap [3] with low atom-light scattering rates [80] .
Two options for the creation of highly controllable optical potentials are investigated for use in BECCAL. One option is the use of 2D acousto-optical deflectors (AODs), which deflect a beam of light in any transverse direction with an adjustable angle. By steering the beam much faster than the trap-frequency of the atomic trap, the atoms will see a time-averaged potential [81, 82, 83] . The refreshing rate of every possible shape shall be above 100 Hz in order to produce a time-averaged static potentials for the atoms. Another option is the use of spatial light modulators (SLMs). They imprint a phase onto a light beam to change the intensity distribution at a certain point in space [84, 85] . With both options, it will be possible to create blue detuned optical traps with a (time-averaged) barrier height of 5 µK for contour lengths of ≤100 µm. The inner trap size will be tunable from 20 µm to 1500 µm. Also the optical barrier can be moved with a speed of up to 5 mm s −1 .
The red-detuned light is used to create a crossed optical dipole trap [55, 56] . One beam of this trap can be steered with an AOD to ensure the overlap of the beams. The center of this trap is located 2 mm away from the atom chip surface. The focal point will have a waist of 100 µm and the potential depth is tunable from 0.01 µK to 5 µK. Deep optical dipole traps are not required because the trap does not need to support the atoms against gravity. It will be possible to add a retro-reflection of one beam to create an optical lattice prior to every experimental run.
Detection
Virtually every experimental sequence in BECCAL will conclude by measuring an atomic signal. The apparatus will feature two acquisition methods. The first is a fluorescence detection system based on collecting photons that the atoms emit after an excitation. We utilize a system of multiple lenses with a large numerical aperture for 2f − 2f imaging with f being the focal length of the lens system. This creates an image of the atoms on a photo diode. The scheme uses near-resonant light and is state-and species-dependent. It will be used to obtain loading and lifetime curves of the atomic clouds as well as a state-selective readout for interferometry [5] .
The second detection method relies on the atomic absorption of photons from an illuminating laser beam. A camera will take images of the laser beam with and without the shadow of the atomic cloud to gain information of the cloud's density. Two perpendicular absorption imaging systems will provide 3D information of the size and the shape of the atomic cloud. Each absorption detection system consists of a collimator to provide the illumination light. On the opposite side of the chamber is a lens systems which will focus the absorption images of the atoms onto a camera sensor. In addition to static lenses, we will utilize electrically tunable lenses to have a variable focal length f . In principle, the imaging system also resembles a 2f − 2f scheme, but with two lenses. The first lens is optimized to minimize spherical aberrations and sits 2f away from the atoms. The second lens sits close to the camera and is electrically tunable. For this purpose, we utilize a shape-changing lens from optotune with an optical fluid, which is sealed off with an elastic polymer membrane. This lens changes the focal length of the imaging systems by ±5 mm and allows us to image the atoms in different positions with a resolution ≤10 µm. Additionally, the depth of field will be adjustable from 100 µm to 2000 µm. This is especially useful for quantum reflection experiments as the different surfaces are off-center with respect to the atom chip. Furthermore, the investigation of hollow BECs will profit from this feature since the focus can be shifted to the surface of the shell.
Infrastructure
The science chamber will be continuously pumped by an ion getter pump (IGP) and a passive titanium sublimation pump. The combination of these pumps allows for the effective pumping of different species and maintains a vacuum quality in the order of 1 × 10 −10 mbar throughout the operation of BECCAL. To maintain the vacuum during times of standby, the IGP is operational at all times. At regular intervals, and to increase the vacuum quality should it be needed, the titanium sublimation pump will be activated.
As the IGP produces strong magnetic fields, it is mounted outside the magnetic shield alongside an access port for the cables, and a vacuum sensor. The entirety of this system is called the pumping cube. The pumping cube is also the access point for the roughing pump, which is installed during integration to establish the required vacuum quality for the IGP. As the roughing pump is both large in volume and high in mass it is not transported to the ISS but pinched off before launch.
The launcher will not provide electrical power. Consequently, the active vacuum pump is switched off during this period of highest mechanical load, i.e. integration into the launcher, launch, and transport to the ISS. In combination with the absence of the roughing pump in orbit, a strong limit is set on this unpowered duration. In order to allow for the re-activation of the IGP in orbit, the vacuum system is designed to keep the pressure below 1 × 10 −5 mbar, even under the conditions described above.
Control electronics for the atom chip, the coils, the high voltage power supply for the IGP, and auxiliary vibration, rotation and magnetic field sensors are also located outside of the magnetic shield. The controller for the IGP sits close to the pump so that the high voltage line is very short.
Electrical connectors are embedded in the outer locker case to provide connections for the control electronics subsystem and for the scientific data to be sent from this subsystem to the data storage device. There are also seventeeen optical fiber connectors which will be used to connect the laser system and the physics package.
Laser system
All light fields required for BECCAL are generated and controlled within the 'laser system' subsystem. This system (including its associated control electronics) occupies one EXPRESS rack double locker. The generated light is delivered to the physics package via polarization-maintaining single-mode optical fibers. Within this section, we will outline the capabilities of the laser system, the architecture, and describe the main technologies used within the laser system, including the lasers, the free-space optics and the fiber optics.
Laser system capabilities
The laser system must deliver light to seventeen separate optical fibers to the physics package in order to facilitate the ambitious functionality of BECCAL as laid out in sec. 2 and 3.2. Each of these light paths must be controlled in terms of power, frequency, and polarization, as well as having dynamic control on suitable timescales.
The choice of elements has been motivated in sec. 3.2.2. Additionally, in the context of the laser system, the D 2 transitions of Rb and K at 780 nm and 767 nm, Table 1 Overview of the light fields delivered to the physics package from the laser system. The given power values correspond to the total power per set of fibers. All power values are estimates of the required and achievable powers rather than a guarantee of the power delivered. respectively, are easily accessible and have compatible natural linewidths with the light emitted by diode lasers [86] .
The required light specifications are summarized in tab. 1 and described below. In sec. 3.2.2 the MOT arrangement was described in terms of the physics package. In order to facilitate this, the laser system provides four light paths for the 2D + -MOT: two MOT beams, a pushing beam, and a retarding beam. In each of these paths, cooling and repumping light for both potassium and rubidium are overlapped. For the 3D-MOT, again four paths are provided for MOT beams with all four necessary frequency components overlapped in each fiber. It is possible to detune the light frequency by up to approximately ±200 MHz from the cooling and repumping transitions. In addition to producing a 3D-MOT, these beams will be used for sub-Doppler cooling prior to evaporation, thus necessitating the ability to smoothly ramp both frequency and intensity in these paths.
Two dipole trap paths at 1064 nm are provided for optical evaporation and other techniques such as DKC.
As outlined in sec. 3.2.4, BECCAL will have two independent atom interferometry axes with light driving Raman transitions. Three separate paths deliver light to the two interferometry axes. One fiber will provide light for the primary interferometry axis. For the second interferometry axis, two individual paths are provided, as single Raman diffraction is to be realized on that axis. In the primary axis, two frequency components per species are overlapped in the fiber, whereas for the secondary axis, one component per species is used per fiber. The two different frequency components per species have a relative detuning equal to the ground state hyperfine splitting of the relevant isotope plus the two-photon recoil frequency and a variable detuning.
Two detection paths are provided for the techniques discussed in sec. 3.2.6. Each of these paths have nominally the same power of all four frequency components. These light paths will also be used to provide light pulses suitable for quantum optics and information experiments and as such it will be possible to have a single frequency of light per fiber, with a different frequency component in each fiber.
The final two light paths provide the light required for blue-detuned dipole potentials. This light will have a wavelength below 767 nm. All lasers except those used for dipole potentials (both < 767 nm and 1064 nm) must be locked to an atomic reference transition. We are able to use either modulation transfer spectroscopy (MTS) or frequency modulation spectroscopy (FMS) to lock two reference lasers -one locked to a transition in K and the other to a transition in Rb. All remaining lasers are offset-locked to the two reference lasers. Further details of this scheme can be found in sec. 3.3.4.
Dynamic control of optical power will be implemented with three possible regimes: fast switching times of less than 10 µs to −30 dB, slower complete extinction in less than 10 ms, and linear modification across the dynamic range in 1 ms. This applies to all light paths delivered to the physics package except the interferometry beams, for which fast switching must be possible in less than 1 µs. Optical power will be stabilized and measured before each experimental run.
Laser system architecture
The laser system is organized into three subsystems: lasers, free-space distribution, and fiber-based distribution. A functional block diagram showing these subsystems is shown in fig. 6 .
To deliver the optical powers shown in tab. 1, a total of sixteen lasers are used. Six lasers emit light with a wavelength of 780 nm to address Rb (including one reference laser), seven lasers emit light with 767 nm to address K (including one reference laser), two lasers for the creation of red-detuned dipole traps at 1064 nm, and one laser runs at a wavelength below 767 nm for blue-detuned optical potentials. The light is created within an extended cavity diode laser master oscillator power amplifiers (ECDL-MOPA) configuration. Further details of these lasers are given in sec. 3.3.3. They are shown on the right hand side of fig. 6 . The sixteen lasers will be housed in four removable boxes of four lasers each which are called orbital replaceable units (ORUs). This ORU based approach is taken as a form of redundancy such that a subset of lasers can be swapped out of the payload with minimal disturbance in the event of degradation.
The constraints set by the SWaP budget (sec. 3.1.1) and the complexity of the experiment favor the use of free-space optics rather than fiber-based optical components. We integrate optics on ultra-stable optical benches made of Zerodur. These boards are presented in sec. 3.3.4. This technology is also used in the form of a spectroscopy bench in order to lock our lasers to an atomic reference.
Many of the components of the laser system have been qualified through their use in sounding rocket and drop tower missions [87, 88, 89, 90, 91, 92] . For example, the current generation of laser modules flew in the JOKARUS mission [87, 90] . Furthermore, similar laser modules, Zerodur-based optical benches and commercial fiber-based components flew in MAIUS-1 [88] , FOKUS [91] and KALEXUS [92] . In addition to flight-based qualification, ground based testing as well as vibration and shock tests have been carried out on components [93, 94, 95] .
The safety requirements of the ISS (as described in sec. 3.1.2) are of particular relevance to the laser system. As a result, the laser system is entirely inaccessible to the crew with the exception of the interface between the laser system and the physics package (seventeen optical connections), and between the laser ORUs and the rest of the laser system (up to thirty-two optical connections). Both sections are protected by interlocked panels.
Due to the large number of optical connections to be crew-made, it is necessary to chose fiber connectors which are both intuitive to use and robust over multiple mating cycles. The fiber connections from the laser system to the physics package will be made during installation, whereas the ORU connections will be made prior to flight (or by crew in the event of replacement). Each optical connection involves an optical fiber patch cord in a crew-accessible part of the payload and two mating sleeves (interfacing with the internal parts of the payload).
In order to ensure minimal optical losses, maximal polarization stability, and ease of use, E2000 connectors and mating sleeves are being tested in a laboratory environment and the necessary additional qualification tests are planned.
Lasers
As laser sources, semiconductor diode lasers are ideal candidates for BECCAL: they are compact, robust, available in a variety of wavelengths and expected to be resilient against the thermo-mechanical loads associated with launch and operation conditions in BECCAL [93, 94, 96, 97] . To this end, micro-integrated laser modules will be used within BECCAL, as in heritage missions [87, 88, 89, 90, 92] . The laser modules are designed for versatility and multi-functionality through a design which incorporates two semiconductor-based active or passive chips and two optical ports that can be used as input or output ports. For instance, a master-oscillator poweramplifier (MOPA) architecture can be implemented, with the master-oscillator consisting of either a monolithic diode laser chip, such as a distributed feedback laser, or as in the case of BECCAL, a discrete ECDL, thus creating an ECDL-MOPA. The laser chips are micro-integrated onto a micro-optical bench consisting of lithographically patterned aluminium nitride (AlN) substrates together with micro-optics and discrete (as opposed to integrated) electronics components. A CAD model of a MOPA with an ECDL as master-oscillator is shown in fig. 8a .
The micro-optical bench is fully packaged into a housing made of Kovar, which is a commercial available nickel-cobalt ferrous alloy. The electrical signals are fed through via Mini-SMP coaxial connectors and the optical signals are fed through via single mode, polarization-maintaining optical fibers. In the ECDL-MOPA configuration, two optical output ports are available -a main port that delivers the laser power to the physics package, and an auxiliary port, that can be used for the generation of beat notes or for monitoring purposes. The module housing has dimensions of 125 mm x 75 mm x 22.5 mm and a mass of approximately 760 g. Fig. 8b shows a picture of an ECDL-MOPA laser module. Such a laser module operating at 
Free-space optics
As outlined previously, the majority of light control is performed via free-space optics. However, the conditions during a rocket launch and aboard the ISS necessitate a light distribution system of very high thermal and mechanical stability as well as small size. In order to meet these requirements, we utilize a range of miniaturized optical benches based on a toolkit first introduced in [100] . This technology has successfully been used in previous sounding rocket missions [88, 92, 91] and is going to be utilized within the MAIUS-2/3 missions [95] . The foundations of this toolkit are optical benches made from Zerodur, a glass ceramic produced and manufactured by Schott AG. This material has a near zero coefficient of thermal expansion and mechanical properties similar to those of aluminium. Onto these optical benches, free-space optical components such as mirrors, beam splitters, etc. are glued. By using the appropriate components, any functionality that can be achieved with a laboratory based optical setup can also be realized using these benches. A total of ten optical benches will be used for BECCAL. Eight of those benches will be used for light distribution and preparation, and the remaining two as spectroscopy benches. A rendering of one of the optical benches used for light distribution can be seen in fig. 9a : In a first step, the light from a fiber is collimated using a fiber collimator (1). The light then passes an optical isolator (2) to suppress backreflections into the laser. Most experimental sequences require intensity control and fast switching. To achieve this, we use a conjunction of an AOM (3) for fast suppression and a shutter (4) for complete suppression. Mirrors (6) are used to redirect the beam, and mirrors (5) angled at 45 • with respect to the bench guide light through a hole in the optical bench to the opposite side. Using these, we can use both sides of the optical bench, thereby effectively doubling the usable surface as compared to single-sided benches. A dichroic mirror (7) is used to overlap the beams at 767 nm and 780 nm in the same polarization state. We split a beam into two beams by using waveplates and polarizing beam splitters. The light is then coupled back into a fiber using a fiber-coupler (8) . We regularly achieve high fiber-coupling efficiencies of about 81 % [100] .
To match the stringent size and mass constraints aboard the ISS and to further improve stability, we have adapted and improved the above toolkit as follows [101] : The benches are mounted in a clamp-like support structure that holds the bench from all sides (see fig. 9c ). Between the bench and the support, a rubber material is used as a cushion to dampen vibrations and mediate any direct force that could result in coupling-losses. The eight distribution benches are aggregated into a mounting structure as shown in fig. 9c . This modular system uses a standardized optical bench form factor with 30 mm thickness, 125 mm length and 100 mm or 120 mm width. This enables easy exchange of benches on ground during implementation.
For frequency stabilization of the lasers, two spectroscopy modules are being used. A rendering can be seen in fig. 9b : Two light beams, one modulated, one unmodulated, are coupled onto a bench using two fiber couplers (1). They then counterpropagate through two spectroscopy cells (2), filled with the relevant atomic gas. After passing the cells, the modulated and unmodulated beam are then each redirected onto a fast photodiode, the signal of which is further processed on a PCB (3).
Fiber-based optics
Before and after the free-space optical benches, light is controlled and manipulated in a fiber optic system. The fiber optic system comprises of fiber splitting/overlapping, switches, in-line photodiodes and optical modulators.
Several arrays of fiber splitters are used both to split single outputs of the freespace benches or lasers, and for combining multiple light paths. Fiber splitters are used in places where symmetric splitting is required.
Fiber switches will be used both in the detection and interferometry paths to provide the flexibility needed within the system. Additionally to the switching capabilities provided by the AOMs and mechanical shutters included on the Zerodur free-space optical benches, the fiber switches also provide simultaneous extinction of multiple frequency components.
Radio-frequency-based fiber optics are used in the form of electro-optical modulators (EOMs) and one AOM. Two EOMs add frequency side-bands needed for spectroscopy. The AOM controls the intensity of the light for the first interferometry axis up to an extinction of −30 dB.
In-line photodiodes will be an essential part of the BECCAL monitoring concept. A large amount of house-keeping and control data will be taken to monitor and characterize the performance of the system during its lifetime. Optical taps (of typical ratio 99:1) provide an efficient way to monitor optical powers across the payload and provide both housekeeping and troubleshooting data if necessary. Rendering of optical bench for spectroscopy with (1) fiber collimators, (2) spectroscopy cells with shielding, (3) photodiodes and PCBs for signal processing. c. Rendering of optical bench mounting The mounting structure for the optical bench safely locks the bench into place without applying any localized force that can lead to stress or deformation of the bench. The eight optical benches for light manipulation are grouped together in a standardized, modular system.
Control electronics
The control electronics system is the backbone of BECCAL, as it is in all quantum mechanics experiment. All active elements in BECCAL, which excludes metal parts and structural elements, are powered and controlled by the electronics presented in the following section. The whole BECCAL apparatus will have approximately 1.5 m 2 of circuit board, the majority of which is custom designed.
Power budget
The power budget is governed by four main states: cold and hot standby, capacitor charging mode, and standard operational mode. In cold standby, all non-vital components are turned off and only the vacuum pumps, the communication and the monitoring stay on. In this mode, the apparatus draws 144 W of power. In hot standby, the system thermalizes prior to full operation mode. Here the laser system is switched on, with the rest of the apparatus in the same state as cold-standby.
This mode results in 1066 W power consumption. In capacitor charging mode, the peak power increases to 1467 W. The peak power takes into account the maximum magnetic field of 175 G and all other systems in full operation. During the actual operation of the experiment, the power consumption drops back to the 1066 W of the hot standby mode because the chip and coil current drivers are supplied from capacitors and not from the 28 V line. In the standard operational mode, the apparatus alternates between charging the capacitors and running the experimental sequences. On average it will draw 1267 W of power, which directly translates into heat that needs to be dissipated. More detailed information on the distribution of the electrical power between the lockers can be found in tab. 3. These numbers represent a worst case with every device powered-up. Depending on the actual experiment sequence, the real power will be lower, as unused parts can be powered down.
Due to the use of capacitors to store energy, the peak electrical power and the peak heat dissipation do not occur at the same time. Due to the cycle times of the experiments of typically a few seconds, the average power drives the thermal design (sec. 3.1.1). The electronic design, however, is driven by the peak electrical power. Tab. 4 contains more detailed information on the heat dissipation per locker.
The electric power is drawn from four 28 V-EXPRESS Rack power outlets as each one is individually limited to 20 A at nominal 28 V. This divides BECCAL logically in four groups: control electronics, chip&coil current drivers and the rubidium and potassium laser electronics. There is no power sharing between those groups. The power supply of the titanium sublimation pump is part of the chip&coil current driver group. In order not to trip the circuit breaker of the EXPRESS rack, there are additional electronic circuit breakers in BECCAL.
Current drivers
In order to ensure the lowest possible noise for currents through the coils and the atom chip, the corresponding current drivers are powered by supercapacitors with output voltages between 5 V and 48 V. The current drivers themselves use a linear design to avoid switching noise. There will be separate electronic circuit breakers to protect the atom chip against faults in the current drivers.
The laser current drivers also use a linear design, with additional filtering in order to suppress power supply noise.
Experimental control, timing and data storage
All frequency and timing related signals are phase locked to a central oven-controlled cristal oscillator (OCXO). This ensures that the timing of all events are synchronized and all frequencies are as precise as the central reference. There will be a slow tracking of the OCXO frequency against GPS via the network time service of the ISS for post-corrections. All RF signal generators are direct digital synthesizers (DDS) based and generate signals in the range of 0.3 MHz to 150 MHz with a frequency resolution better than 0.1 Hz and will be capable of ramps and jumps in frequency, phase, and amplitude simultaneously. The microwave generators operate between 250 MHz and 6.8 GHz and are phase locked to DDS signal generators. Table 3 Electrical input power per wall plug: control electronics (CE), chip&coil current and titanium sublimation pump (CCC/TSP), rubidium laser system (LS-Rb), and potassium laser system (LS-K). Due to the usage of capacitors, the electrical peak power consumption does not occur in the same experimental phase as the peak heat dissipation listed in tab. 4. The main computer that controls the experiment will have a dual core Intel I7 processor with 8 GB RAM and 500 GB of non-volatile storage on two internal SSDs and another 500 GB on two external SSDs for experimental data.
State
The computer communicates to the ISS-Network and to the internal network via Ethernet. The internal network is based around a custom protocol on plastic optical fibers (POF), combining data, frequency, and trigger signals in a single wire pair, saving a lot of weight and space while at the same time avoiding ground loops.
Software operation
BECCAL's operation will be conducted in collaboration with scientists from many different institutions. The main goal is to enable all participants to have their experiments executed on the BECCAL instrument. This requires a robust structure and an easy-to-use software interface for the scientists.
For successful operation, four main software tools have been identified: the Experiment Control Software (ECS), the Experiment Design Tools (EDTs), the Lab Operation Software (LOS), and the Ground Control Software (GCS). All of the mentioned software tools use model-driven software technologies to either support users with the creation of valid experiment definitions, or to generate source code from engineering data of the experiment hardware.
Experiment control software
The ECS is the software running on the on-board computer of the experiment. It communicates directly with the experiment electronics and is in charge of executing the experiment step by step. It is controlled through the LOS or the GCS depending if it runs on one of the testbeds or the BECCAL instrument on-board the ISS. The drivers for the control electronics described in sec. 3.4 are largely generated from a model description. The capabilities of every electronic card and the stack it resides in are captured using a domain specific language [102] . Those descriptions serve as an unambiguous single point of truth and provide an interface between the electronic and software development domain. Changes in the firmware of an electronics card can then be reflected in the ECS with very little manual effort which saves resources during the development of an experimental setup such as BECCAL.
The core elements for experiment execution are sequences and subsequences. Each sequence captures the next actions for the electronics in a precisely timed schedule in order to manipulate the state of the experiment. Frequently occurring actions can be placed in a subsequence, sharing common actions among sequences and avoiding code duplication.
A set of sequences is then assembled into the experiment-execution graph (EEG), which, besides serial execution, also provides mechanisms to direct the experiment flow [102] . In this way the experiment can, for example, run through certain sequences multiple times with different input parameters and tune the experiment before entering into the next phase without the manual interaction of an operator.
This general separation between sequences and experiment-execution graph has already been used for the MAIUS-1 mission [21] . There, from the EEG, sequences, and subsequences, the corresponding C++ code was generated and compiled as part of the ECS. For BECCAL this approach is not feasible as a wider range of experiments needs to be supported in a transparent and efficient way. Therefore, the graphs are stored as separate files. The ECS for BECCAL includes a newly developed graph-interpreter engine which interprets and executes the graphs directly from those files after successful sanity checks have been carried out. To ensure safety of the experiment at all times only EEGs which have been previously qualified on a ground test bench will be uploaded to the ISS through the ground-control station. After experiment execution the full set of captured scientific data is stored on the on-board computer's hard drive and has to be downloaded before it can be distributed to the author of the experiment.
Experiment design tools
The EDTs are the software components for the participating scientists in order to create a fully functional experiment. They support the scientists with the task of creating a formally correct experiment which can then be tested on one of the ground-based testbeds and later be qualified for the execution on board the ISS. For this purpose, the sequences and subsequences, as well as the EEG, are also created using a model representation in the background. To this end a domain specific language (DSL) was developed which describes sequences and subsequences in a human-and machine-readable textual representation, allowing for easy integration into version control systems. Graphical user interfaces (GUIs) allow experimenters to create and edit these sequences, as well as the EEGs, in a convenient way. Both interfaces facilitate complex validation procedures using the model description of the hardware to indicate errors and potential problems to the user via visual markers. This model-driven approach also restricts the allowed features for the scientist to a set which is qualifiable for the execution on board the ISS. 
Ground control software
The GCS is the single point of communication to the BECCAL instrument on board of the ISS during normal operation. It comprises several software modules, which are depicted in fig. 10 . A telecommand interface provides means to control the experiments, while a telemetry interface receives live housekeeping data at all times and scientific data during operation. Custom protocols for telecommands and telemetry will be used alongside standard tools such as ssh and rsync for maintenance and file transfers. Data is distributed by the telemetry module via network to display modules for operators to supervise operation and to a central archive, which is copied to one or more off-site backups. In the archive and the backups, redundant file systems with checksumming-capabilities will ensure data integrity. From there, a web interface allows scientists to access data of their experiments. The same interface will allow scientists to upload new experimental sequences and EEGs, which are then validated and uploaded to the ECS. A logging service keeps track of all events and inputs for debugging purposes, and a watchdog services ensures that all critical software modules, are running at all times.
The most important objective is the safe operation of the instrument at all times. Therefore, only qualified sequences and EEGs are allowed to be uploaded to and executed on the instrument. The GCS is responsible for ensuring data integrity of the uploaded data before execution. It also collects and monitors BECCAL's telemetry data and executes standard maintenance tasks. If non-nominal telemetry is received, the GCS is also capable of aborting ongoing experiments if necessary, and bringing the instrument back in a nominal state. After an experiment execution is finished, the GCS initializes the download of all generated scientific data from the experiment which can subsequently be distributed to the responsible scientists.
Lab operation software
The LOS is responsible for communication with the ECS in the laboratory environment of the testbed. It commands the ECS to execute EEGs or sequences and presents the received live telemetry data. Compared to the GCS it facilitates a more direct interaction with the ECS, allowing, for example, the execution of not yet qualified sequences or graphs. This enables the operators to debug or optimize parts of an experiment. The LOS operates on the same model representation as generated by the EDTs, anomalies which occur during execution can therefore directly be discussed with the author of the experiment with the same unambiguous input data.
Operations
BECCAL will be installed in the US Destiny module on board the ISS. Operations include the delivery to the launch site, launch, installation in orbit, check-out procedures, operations, data distribution, proprietary rights, removal from orbit, and post-flight operations.
Launch
After integration in Germany, the payload is delivered to the designated launch site, where it is integrated into the transport capsule. At the time of writing, the exact launcher has not been confirmed, and as such, details of related operations and requirements will be decided upon once the launch vehicle is known. The current design allows for transport with any of the currently available launchers.
Independent of the exact launcher, the experiment is expected to be exposed to vibrations of 8.8 g rms and shocks of up to 12 g during launch. Therefore the hardware must be tested prior to flight to ensure it is able to withstand the expected launch.
Installation and check-out
On arrival in orbit, the payload will be installed by the crew, which includes establishing interfaces to the ISS and between lockers. Installation is completed with the initial power-up of the payload which is done by both the crew in orbit and the crew on ground.
After installation, BECCAL will undergo a series of test procedures to assure operation readiness and to verify remaining requirements (such as those only achievable in microgravity). This process includes the check of the health and status data as well as the execution of the first experimental sequences.
On-orbit operation
Following successful payload check-out, BECCAL will go into nominal operation. In nominal operation, BECCAL will execute experimental sequences, which are prepared on ground and tested using a ground testbed.
During operation, the experiment will be controlled and monitored via a datalink from ground (sec. 3.5). The quiet times onboard the ISS are preferred for operation to avoid disturbances by excess vibrations due to astronaut activities.
The operation of BECCAL is divided into three parts: cold standby, hot standby, and experimental operation. The later one can be further divided into charging and experimental phases. Technical details are discussed in sec. 3.4 Cold standby During cold standby, all non-vital components are off. Such that the ion getter pump is operational, and the payload computer records health and status data.
Hot standby Approximately thirty to sixty minutes prior to experimental operation, the payload is set into hot standby. During hot standby the subsystems are prepared for experimental operation. In particular, this includes the thermalization of the laser system. After experimental operation, the system is kept in hot standby for performance checks before it is send to cold standby.
Experimental operation Experimental operation is divided into charging and experimental phases. During the experimental phase, the pre-programmed and tested sequences are executed. The two phases are of roughly equal duration.
The duration of experimental operation is based on the rhythm of the crew on board and the available resources both on ground and in orbit.
Performing an experiment on BECCAL
The process of performing an experiment on BECCAL has several stages: First, participating scientists, who may not have direct access to one of the ground-based testbeds, need to design formally correct experiments for BECCAL which they then distribute to one of the testbeds for execution. Testbed operators take those experiment designs, check them for correctness, execute them on the testbed, and return the experiment results to the respective authors. If the experiment is deemed ready for execution on the BECCAL instrument, it is sent to the German groundbased test bench for qualification. Once an experiment is successfully qualified no further changes are possible without re-qualification. The qualified experiment is finally forwarded to the BECCAL ground-control station and scheduled for onboard operation. Upon download of the experiment's scientific data set the results are distributed to the authors. Fig. 11 presents a high-level overview of the different stages and the information flow in between.
Maintenance
BECCAL will make use of orbital replaceable units in order to provide some degree of redundancy in case of an error that cannot be resolved from ground. In such cases, each enclosed locker structure (laser system, physics package, control electronics) can be exchanged with a replica system already assembled and tested on ground. Additionally, the lasers modules are themselves housed in smaller ORUs such that they can replaced without replacing the entire laser locker as discussed in sec. 3.3.
Lifetime and de-commissioning
BECCAL shall be operational for a minimum of twelve months and is intended to be installed in orbit for three years. After the in-orbit period of three years, the condition of the payload and the available resources will be assessed before BECCAL is de-integrated. It is not planned for the hardware to returned to ground.
Summary of experimental capabilities
BECCAL is expected to offer a high flux of ultracold rubidium and potassium gases. These gases can be brought to quantum degeneracy in less than 2 s, supporting experiments that require extensive statistics. The magnetic fields are generated by a multi-layer atom chip, with a design similar to the ones used in QUANTUS [19] and MAIUS [21] , in combination with four pairs of coils, three of which are oriented perpendicular to each other. The fourth pair of coils produces a large magnetic field to tune the scattering length of the atoms. Additionally, the atoms can be manipulated with radio frequency and microwave fields. This setup allows the creation of adiabatic-dressed potentials for hollow BECs or the formation of an atom laser.
Furthermore, the atoms can be exposed to blue-detuned laser light from two perpendicular directions. These beams can be spatially controlled to create traps of arbitrary shapes in three dimensions. Red-detuned light can also be used for crossed dipole trapping or the creation of optical lattices.
The atom chip will have different areas with metallic coating for investigations of atom-surface effects. The detection is carried out by either capturing the fluorescence signal of the atoms or by taking spatially resolved absorption images. The absorption imaging systems will allow for changing the focal plane and the field of view.
Moreover, BECCAL will have two perpendicular atom interferometry axes. One axis is nadir pointing and so is in the direction of the gravitational acceleration. Since this configuration is prone to contrast losses due to the rotation of the ISS, the retro-reflection mirror is mounted on a piezo-tip-tilt stage inside the vacuum chamber. An overview of the core parameters is given in tab. 5.
Conclusion
We have presented the current design of an apparatus to perform experiments with ultracold and condensed atoms on board the International Space Station. Despite the constraints on size, mass and power, the stringent safety requirements, and the requirements on the robustness, BECCAL is designed to support a broad range of experiments from fundamental physics to the development of quantum sensors. Driven by anticipated scientific investigations, and in line with the current design, we have reported the core features of the device, including the ability to generate ultracold or condensed ensembles of rubidium, potassium and mixtures of both by utilizing a variety of magnetic or optical traps as well as tools their coherent manipulation. We expect BECCAL to advance the current understanding in the fields of quantum optics, atom optics, and atom interferometry in the unique conditions of microgravity linked to and beyond currently discussed ideas in the field.
